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Small intra- and large inter-individual variability in lithium clearance
in humans. We report the inter- and intra-individual variability in
fractional lithium clearance (CL), an alleged quantitative index of Na
and water delivery from the proximal tubules, in humans (N = 91). The
inter-individual variability was large, the variation coefficients at van-
ous Na excretion rates ranging between 11% and 19%. The intra-
individual variability was small, the relative intra-individual standard
deviation for duplicate measurements (N = 33) being 5%. These
observations suggest large inter-individual differences in proximal tu-
bular Na reabsorption. To confirm this, we also studied the inter- and
intra-individual variability in the maximum urine flow during water
diuresis (Vmaj, an index of Na delivery to the diluting segment. They
were found to be almost identical to the inter- and intra-individual
variability in CLI, and fractional CLI and V,,ax correlated strongly (r =
0.83, P < 0.001). In addition, the inter-individual variability in the
fractional clearance of uric acid (CUA), a directional marker of Na
reabsorption in the proximal tubules, was large, but the intra-individual
variability small. The correlation between fractional CUA and CL,
however, was relatively weak (r = 0.40, P < 0.01). Although our results
do not prove the exact, quantitative validity of the lithium clearance
concept, we conclude that the variability in CL reflects large inter-
individual differences in Na handling in the proximal segments of the
nephron. Our observations also have implications for the use of the
lithium clearance method. The large inter-individual variability in CL
makes the method less suitable to detect subtle differences in CLI in
small, unpaired groups of subjects. Due to the small intra-individual
variability, however, CL is a sensitive tool to detect small changes in
tubular Na handling within individuals, provided that Na intake is not
altered.
The lithium clearance (CL1) is increasingly being used as a
non-invasive, quantitative method to estimate sodium (Na) and
water delivery from the proximal tubules in humans 11—12].
Applying this technique in healthy volunteers, we observed that
the individual values for CLI in groups of subjects on a compa-
rable Na intake often differed considerably [13—19], even when
differences in glomerular filtration rate (GFR) were taken into
account. For instance, in a study reporting the effect of varia-
tions in Na intake on CLI, we found that the fractional CLI (CLI!
GFR) could differ almost twofold between individuals at any
given Na excretion rate 120]. If the intra-individual variability in
CL, would be small, this large overall variability would point to
important, but as yet unrecognized, inter-individual differences
in renal Na handling.. The objective of the present study was to
define the inter- and intra-individual variability in CL1 in hu-
mans.
The hypothesis that CLI is a quantitative index of Na and
water delivery from the proximal tubules is based on the
assumption that Li is reabsorbed exclusively and in proportion
to Na and water in the proximal tubules [21]. It should be noted,
however, that the validity of this hypothesis and its exact,
quantitative implications have not been generally accepted [22,
23]. One might therefore argue that the variability in CLI could
merely reflect individual differences in renal Li handling unre-
lated to differences in proximal tubular Na handling. To deter-
mine whether the variability in CLI is indeed likely to reflect
inter-individual differences in proximal tubular Na handling, we
simultaneously studied the inter- and intra-subject variability in
two other (semi-)quantitative indices of proximal tubular Na
handling, the maximum urine flow during water diuresis and the
uric acid clearance [24].
Methods
Clearance studies (N = 204) were performed according to the
protocol detailed below in young healthy subjects (69 males, 22
females). Sodium intake was fixed (10 mmol/day, N = 45; 20
mmol/day, N = 26; 100 mmol/day, N = 35; 150 mmol/day, N =
48; 200 mmol/day, N = 33; 250 mmol/day, N = 17). Potassium
intake was 80 to 100 mmol/day. Part of the clearance experi-
ments reported in this paper are baseline studies from work
published previously [14—17, 19, 20]. All study protocols had
been approved by the Hospital Ethical Committee and informed
consent was obtained from all subjects. Renal or other diseases
were excluded by appropriate physical and laboratory exami-
nations. To study the intra-individual variability in CLI, the
results of 33 subjects who participated twice in clearance
experiments on an identical Na intake and of 10 subjects who
participated five to nine times in clearance experiments, usually
on different Na intakes, were analyzed separately.
Clearance protocol and laboratory determinations
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Studies were performed after at least four equilibration days
on the various diets. The evenings preceding clearance studies
400 mg Li carbonate (10.8 mmol Li) was given orally at 10:00
p.m. Clearances were performed in the supine position between
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Table 1. Regression analysis
Equation r N P value
(a)
(b)
(c)
(d)
(e)
(I)
(g)
(h)
(i)
GFR
CL,
CLI
FELl
FEv.,mx
FEUA
FEL,
FEUA
FEUA
= 99,5 +
= 24.3 1
=
—0.03 +
= 29.9 +
= 13.8 +
= 9.4 +
= 9.9 +
= 5.3 +
= 3.3 +
0.03(UNaV)
0.03(UNaV)
0.28(GFR)
7.6(log FENa)
5.3(iog FENa)
1.2(log FEN,,)
1.5(FE )
0.3(FE")
0.2(FEL,)
0.27
0.55
0.52
0.60
0.80
0.18
0.83
0.33
0.40
192
192
192
204
169
201
169
165
201
<0.001
<0.001
<0.001
<0.001
<0.001
<0.05
<0.001
<0.05
<0.01
Abbreviations are: CL1, lithium clearance (mI/mini! .73 m2 B .S.A.);
GFR, glomerular filtration rate (mI/mini! .73 m2 B.S.A.); UNaV, sodium
excretion (mol/min); FELl, fractional Li excretion (%) FENa, frac-
tional Na excretion (%); FEY, fractional maximum urine flow (%);
FEUA, fractional uric acid clearance (%); N, number of observations; r,
correlation coefficient.
10:00 and 12:00 a.m. after an overnight fast or a light breakfast
taken at 7:00 a.m. On 174 occasions, maximum water diuresis
was induced by giving an oral water load of 20 to 25 mI/kg body
weight at the beginning of the experiment (9:00 a.m.). During
the other studies, a stable, submaximal diuresis was induced by
controlled, constant water intake. Since variations in water
intake do not affect renal Li handling 1171, data from all studies
were pooled. Urinary water losses were substituted during all
experiments. Inulin (InutestR) clearances were performed using
the constant infusion technique as reported previously [161.
Sodium, Li and inulin concentrations as well as osmolality were
determined by standard laboratory techniques.
Calculations and statistical analysis
Absolute and fractional clearances were calculated using the
standard clearance formulae. The maximum urine flow (Vmax)
during suppression of antidiuretic hormone (ADH) secretion
induced by water loading was used as an index of isotonic
filtrate delivery to the diluting segment [241. Results of water
loading experiments were excluded from analysis when urine
osmolality failed to fall below 70 mOsm/kg, since this was
considered to be evidence of inadequate ADH suppression.
Body surface area (B.S.A.) was calculated from body weight
and height, Absolute clearances were normalized to a B.S.A. of
1.73 m2.
The variation coefficient was used to compare the variability
in groups of observations with widely differing means. Curve
fitting was performed. The intra-individual standard deviation
for duplicate measurements was calculated according to the
following formula:
V2N
In this formula, d represents the difference between duplicate
observations and N the number of observations.
Results
Variability in GFR and CLI and relation between these
variables and Na excretion
Data to calculate body surface area were available for 192
clearance experiments. A very weak linear relation was found
between GFR and Na excretion rate (Table 1, equation a). The
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CNa/GFR, %
Fig. 1. Relationship between fractional Na excretion rate (CNaIGFR)
and fractional lithium clearance (CL,/GFR, panel a, n = 204), fractional
maximum urine flow (V,,,/GFR, panel b, n = 169) and fractional uric
acid clearance (CUA/GFR; panel c, n 201). Dotted lines represent the
95% confidence intervals.
variation coefficient (v.c.) for GFR (ml/min/l.73 m2 B.S.A.) for
all observations was 12%. The intra-individual variability in
GFR was consistently sitialler, individual v.c.'s ranging be-
tween 2.5 and 8.5% (mean: 5.5 2.0%) In the 10 subjects
studied repeatedly.
The lithium clearance increased in parallel with Na excretion.
The relation between these variables was weak (Table 1,
equation b), albeit stronger than the relation between GFR and
Na excretion. Despite correction for body stature, the variabil-
ity in CLI was large (and larger than the variability in GFR),
v.c.'s at selected Na excretion intervals (0 to 100, 100 to 200 and
200 to 300 jxmol/min) being 22%, 21% and 18%, respectively.
Values for CL1 were only weakly related to GFR (Table 1,
equation c).
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Fig. 2. Relation between fractional Na excretion (CNIGFR) and fractional lithium clearance (CLIIGFR) in ten subjects studied repeatedly. The
shaded area indicates the normal range (95% confidence intervals) for all observations; regression lines are given when a statistically significant
relation was present.
Inter- and intra-individual variability in CLI/GFR and relation 1, equation d). The variability in CLI/GFR was large at all Na
between this variable and Na excretion excretion rates (Fig. 1), v.c. 's at selected fractional Na excre-
The relationship between Na excretion and CLIIGFR, which tion intervals (<0.5%, 0.5 to 1.0%, 1.0 to 1.5%, 1.5 to 2.0% and
fitted best to a logarithmic equation, was relatively weak (Table >2.0%) being 19%, 15%, 17%, 13% and 11%, respectively. The
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FIg. 3. Repeat measurements of maximum urine flow during water diuresis (Vff,0J/GFR) in six subjects. The shaded area indicates the normal range
(95% confidence intervals) for all observations; note that the values for CL/GFR of the same individuals are shown in Figure 2 (panel a, b, d, and
h respectively).
Table 2. Intra-individual standard deviation in duplicate
measurements of fractional lithium clearance (CLI/GFR) and
fractional urine flow (V,Hax/GFR) in subjects on a fixed (but
inter-individually different) Na intake.
N=33
CL/GFR CNaIGFR
%
Measurement #1
Measurement #2
Intra-individual 5D
27.7 5.1
27.5 5.3
1.4
0.92 0.60
0.95 0.68
0.12
N=25
Vmax/GFR CNa/GFR
%
Measurement #1
Measurement #2
Intra-individual so
12,8 3.2
12.8 3.3
0.7
1.00 0.65
1.02 0.70
0.12
CNa/GFR = fractional Na clearance. All data are means so.
v.c. in the 10 subjects studied on five to nine occasions varied
between 5% and 15%, suggesting that the intra-individual
variability was similar to the inter-individual variability in at
least some subjects. However, inspection of Figure 2, in which
values of CL/GFR for these individuals are plotted against the
background of the group data, illustrates that part of the
intra-individual variability in CLIIGFR was due to regression
with Na excretion. For instance, in subjects 1, 2, 3 and 10 (Fig.
2A, B, C, H), in whom the v.c. was 9%, 14%, 15% and 9%,
respectively, statistically significant relations were found be-
tween CL/GFR and Na excretion. However, within a narrow
range of Na excretion rates, the variability in CLI/GFR in these
subjects was always appreciably smaller than the group vari-
ability. The v.c. 's for CL/GFR in subjects studied repeatedly at
almost the same Na excretion rate (subjects 4, 5 and 9, Fig. 2D)
or in subjects in whom CL/GFR varied little with Na excretion
(subject 6 and 8, Fig. 2E, 0) ranged between 5% and 6%. The
small intra-individual variability in CLI/GFR is confirmed by the
very low intra-individual standard deviation in duplicate mea-
surements of CL/GFR in subjects on a fixed Na intake (Table
2), which was only 5% of the mean of the observations.
Inter- and intra-individual variability in VmQJGFR and the
relation between this variable and Na excretion
Results from 169 water loading experiments were available
for analysis. The relationship between Vmax/GFR and Na
excretion was stronger than the relationship between CLIIGFR
and Na excretion (Fig. ib, Table 1, equation e). The inter-
individual variability in Vmax/GFR was similar to that in CL/
GFR, the v.c. at the fractional Na excretion intervals men-
tioned above being 20%, 15%, 14%, 9% and 13%, respectively.
I —
T J.
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-I- I •
— ——•- — —± — —I Fig. 4. Fractional uric acid clearance (CUAIGFR), mean SD, in ten subjects studied
repeatedly. The subject numbers are given
between parentheses below the horizontal
axis. The number of observations was: 9
(subj. 1), 8 (subj. 2), 7 (subj. 3—5), 5 (subj. 6—
9) and 6 (subj. 10). The solid and dotted lines
I I indicate the mean and SD of all observations
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) respectively (N = 201).
Figure 3 illustrates that, within a narrow Na excretion range,
the intra-individual variability in Vmax/GFR is much smaller
than the group variability. The small intra-individual standard
deviation for duplicate measurements of Vmax/GFR in subjects
on a fixed Na intake (5% of the mean of observations, Table 2)
confirms the small intra-individual variability in Vmax in hu-
mans. Comparison of Figures 2 and 3 shows that the individual
patterns relating Vmax/GFR to Na excretion are virtually indis-
tinguishable from the relationship between the latter and CLI!
GFR. A strong and statistically highly significant correlation
was found between CL,IGFR and Vmax/GFR (Table 1, equation g).
Inter- and intra-individual variability in CUA/GFR and the
relation between this variable and Na excretion
The relationship between CUA/GFR and Na excretion was
extremely weak (Table 1, equation f) and barely statistically
significant; Figure 1 shows that the variability in CUA/GFR was
very large (v .c. for all observations: 31%). As for CLI/GFR and
Vmax/GFR, the intra-individual variability in CUA/GFR was
much smaller than the inter-individual variability (Fig. 4). When
comparing Figures 2 and 4, there was usually a fair agreement
between the values of CLI/GFR and CUA/GFR relative to the
mean of all observations. The correlation between CUA/GFR
and CLI/GFR (and between the former and Vmax/GFR) for all
observations, however, was weak (Table 1, equations h and i).
Discussion
The variability in CL reported in the present study was
considerable (variation coefficient: 18 to 22%), even after cor-
rection for differences in body stature. It is unlikely that this
variability was mainly due to urine collection errors, since the
large, constant urine flow rates induced by water loading
minimized this source of error in our experiments. The obser-
vation that the intra-individual variability in GFR was consis-
tently smaller than the inter-individual variability, and the
finding that values for GFR and CL1 correlated only weakly,
confirm that the variability in CLI was not an artifact induced by
urine collection errors.
However, to completely avoid any confounding effects of
urine collection errors, and to compensate for the relatively
small effect of GFR on CLI, we studied the variability in
fractional CLI (CLI/GFR) in more detail. The variability in this
term remained considerable; Figure 1 shows that values for CLI!
GFR may differ twofold between individuals regardless of the
Na excretion rate. As judged by the variation coefficients
calculated from data reported by others, the inter-individual
variability in CL,/GFR was comparable to [8, 9, 11, 25] or even
larger [3, 4, 6, 10, 12, 18] than reported in the present study.
Analysis of the data obtained in the subjects studied repeatedly
(Fig. 2, Table 2) revealed that the intra-individual variability
was always considerably smaller than the inter-individual vari-
ability.
The small intra- and large inter-individual variability in CLI
suggest the existence of marked individual differences in prox-
imal tubular Na handling in humans. However, the validity of
the concept that CL1 quantitatively reflects the delivery of Na
and water from the proximal tubules has been questioned [17,
22, 23]. To determine whether the variability in CLI!GFR is
indeed likely to mirror inter-individual differences in proximal
tubular Na handling, we simultaneously studied the inter- and
intra-individual variability in two other (semi-)quantitative in-
dices of proximal tubular Na handling, the maximum urine flow
during water loading and the uric acid clearance.
The maximum urine flow during water diuresis (Vmax) is
considered to be a conservative estimate of isotonic filtrate
delivery to the beginning of the diluting segment, localized
somewhere along the ascending limb of Henle's loop [24, 26].
Both the inter- and intra-individual variability in Vmax/GFR
were entirely comparable to the inter- and intra-individual
variability in CLIIGFR. Furthermore, as shown in Figures 2 and
3, the individUal patterns relating Vmaxi'GFR to Na excretion
were indistinguishable from those observed for CLI/GFR, and
values for CLI/GFR and Vmax/GFR correlated strongly (Table 1,
equation g). These findings confirm the existence of marked
inter-individual differences in segmental tubular Na handling in
humans as suggested by the lithium clearance method, and
indirectly support the notion that CL, may indeed closely reflect
Na and water delivery from the proximal tubules. The obser-
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vation that the relationship between Vmax/GFR and Na excre-
tion was stronger than the relationship between the latter and
CLI/GFR is not surprising, since one would expect an index of
Na delivery to a more distally located nephron segment to
correlate better with the final Na excretion rate.
The variability in fractional uric acid clearance (CUA/GFR)
was very large, the overall variation coefficient being 31%. As
for CLI/GFR and Vmax/GFR, the variability in CUA/OFR was
due to pronounced inter-individual differences (Fig. 4). Because
CUA/GFR is a qualitative and not a quantitative index of
proximal tubular Na handling [24], it is expected that the
relationship between CUA/GFR and both CLI/GFR and Vmax/
GFR would be rather weak. Nevertheless, the individuals
whose data for CLI/GFR and Vmax/GFR are plotted in Figures 2
and 3 can, with some exceptions, be fairly well distinguished by
their values for CUA/GFR relative to the mean for all observa-
tions (Fig. 4). All in all, these findings agree with the existence
of consistent inter-individual differences in proximal tubular Na
handling in humans.
Our data are compatible with, but of course no direct proof
for, the lithium clearance concept. Irrespective of the exact,
quantitative validity of the lithium clearance concept, however,
the combined analysis of the Li, free water and, to a lesser
extent, uric acid clearance data strongly suggests the existence
of marked inter-individual differences in Na and water handling
in the proximal segments of the nephron. In addition, the results
of the present study have important implications for the general
applicability of the lithium clearance method. In view of the
relatively large inter-individual variability in CLI, the method
will probably be too insensitive to detect subtle differences in
CLI in small, unpaired groups of subjects. On the other hand,
the small intra-individual variability in CLI/GFR and the excel-
lent reproducibility in CLI measurements make the lithium
clearance a sensitive tool to detect small changes in tubular Na
handling within individuals.
In summary, the results of the present study suggest that
marked inter-individual differences in renal Na handling exist in
humans, not only with respect to considerable differences in the
filtered load, but in particular with respect to the distribution of
the reabsorption of the filtered Na load along the nephron. The
etiology of these individual differences is as yet unknown.
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